The Mitsuishi district, noted for the largest Roseki production in Japan, is generally characterized by the alteration zoning from center to margin; Quartz zone → Roseki ore (Pyrophyllite, Pyrophyllite-sericite and Sericite zones) → K-feldspar-sericite zone → Albite zone. They are overlain by Weakly propylitized zone. The filling temperatures of fluid inclusions in euhedral quartz crystals indicate the hydrothermal solution was about 300-350°C for the formation of Quartz zone. The chemical composition of the hydrothermal solution was estimated from salinity of the fluid inclusions, analytical results of altered rocks and minerals (feldspars and sericite), thermochemical calculations on the K-feldspar-albite and muscoviteparagonite solid solutions and equilibria in the Na 2 O-K 2 O-SiO 2 -Al 2 O 3 -H 2 O-HCl system, and mobility calculation on the water-rock interaction process. It is deduced that pH dramatically increased, while K and SiO 2 concentrations decreased, and Na concentration remained relatively constant in the hydrothermal solution from center to margin of the alteration zones.
In contrast to previous many studies, the Roseki deposits have not been mineralogically and geochemically studied well. Thus, in this paper, it is mainly intended to describe mineral assemblages, chemical compositions of bulk rocks and representative minerals in each alteration zone, and fluid inclusion data in an attempt to present a model of the chemical process of hydrothermal alteration around the most productive Roseki deposits, Daiyama area in the district. Figure 2 shows the columnar section of the original rocks in the Mitsuishi district mainly based on the present work with the aid of previous geological works (Omori, 1965 (Omori, , 1966 Fujii et al., 1979; Mitsuno and Omori, 1984) .
GEOLOGICAL BACKGROUND
Acidic (rhyolitic or dacitic) pyroclastic rocks of Late Cretaceous to Paleogene age
INTRODUCTION
Rocks composed mainly of pyrophyllite, sericite and/or kaolinite with some amounts of other minerals such as quartz and pyrite are defined as "Roseki" in Japan.
The Mitsuishi district, southeastern part of Okayama Prefecture (Fig. 1) , is well known as the area of the largest Roseki production in Japan. Therefore, this district has been studied by many workers mainly from geological points of view (e.g., Kimura, 1951; Kamitani and Fujii, 1972; Ishihara and Imaoka, 1999) . It is generally accepted that the Roseki deposits in this district were formed with association of terrestrial volcanic activity of Cretaceous to Paleogene age (Shibata and Fujii, 1971; Kitagawa et al., 1988 Kitagawa et al., , 1999 , and show a stratiform in shape occurring in hydrothermally altered acidic pyroclastic rocks (Fujii et al., , 1979 Hirano et al., 1972) . unconformably overlie the Paleozoic basement rocks exposed southeast of the Daiyama area. However, a part of the basement rocks is in fault contact with the acidic rocks. The acidic rocks generally strike N20°W to N30°E and dip 20° to 30°W. The acidic rocks are divided into the Upper and Lower Formations across Alternation (C) which consists of tuffaceous shale and bedded tuff.
The Lower Formation has undergone an intense hydrothermal alteration, especially in the horizon between Alternation (C) and (D), ranging in thickness from 200 to 300m. Quartz phenocrysts, shale fragments and eutaxitic texture are usually recognized as the original textures even in the rocks of Quartz zone which is mentioned in the next section.
In the Upper Formation, original textures are preserved well. Lapilli tuff is weakly welded. Crystal tuff is partly welded and contains a lot of subangular to angular phenocrysts of quartz and feldspars with diameter of 1 to 3 mm. Welded tuff breccia contains subangular to angular fragments, of acidic volcanic rocks and shales probably derived from the basement rocks, which are several mm to 4 cm in diameter.
ALTERATION ZONING AND MINERAL ASSEMBLAGES
To clarify mineral assemblages of the altered acidic rocks collected not only from the Daiyama area but also from its vicinity, X-ray diffraction (XRD) analysis and observation of thin sections under an optical microscope were carried out for many samples. Distribution of alteration zones and mineral assemblages of each zone are obtained as shown in Figs. 3 and 4, respectively. Further study is necessary to present a three dimensional distribution of the alteration zones, and more regional zoning map.
Quartz zone
Quartz zone is distributed in four areas (A, B, C and D) as shown in Fig. 3 . Quartz zone which seems to dip vertically is distributed in the areas A and B. Quartz zone in the area C is stratiform or vertically dips in part, lying between Alternation (C) and Roseki ore. The rocks of Quartz zone except in the area D are mostly porous.
The rocks of this zone are white to whitish gray in color, and composed mainly of quartz with some sericite and small amounts of pyrite, rutile, pyrophyllite and alunite. Porous quartz rocks hav- posed mainly of pyrite and quartz are often found in the ore. The veins are several ten cm in width and contain small amounts of white aggregates composed of smectite, sericite, kaolinite and/or pyrophyllite. Based on the predominant minerals besides quartz, the Roseki ore can be divided into the following three zones.
Pyrophyllite zone
Rocks of this zone are grayish white and composed mainly of pyrophyllite and quartz with small amounts of pyrite and rutile. Mixture of kaolinite and pyrophyllite called "Haku-roseki" by the local mining gelogists is sometimes recognized. Spherical or stick-like shaped concretions of diaspore often occur in the Haku-roseki. Both of the concretions are several to ten centimeters in diameter, and the stick-like ones are several ten centimeters in length. ing numerous pores of several mm in diameter are developed particularly near the boundary with Roseki ore. Some of their pores are filled with white sericite. Quartz rocks with white sericite filling most of pores are called "Fuiri-toseki" by local mining geologists. Pale green, chocolate or milky white vein-like shaped concretions composed of sericite with a few cm in width are also found near the boundary. The vari-colored concretions are referred to as "vein-like shaped sericite" hereinafter. Pyrophyllite seems to occur filling pores or fissures as sericite.
Roseki ore generally surrounds the Quartz zone in the horizon between Alternation (C) and (D). Most of Alternation (D) is also altered into the rocks of Roseki ore. Matrix and feldspar phenocrysts of the rocks are altered to clay minerals with quartz. Volcanic glass or pumice is altered to clay minerals. Black colored veins com-
Pyrophyllite-sericite zone
Rocks of this zone are whitish gray and composed mainly of pyrophyllite, sericite and quartz with small amounts of pyrite and rutile. Most of the sericite are partly interstratified with smectite layers, having a broad peak of basal spacing (10.2-10.4Å). Smectite-sericite regularly mixed layered mineral having a basal spacing of 25Å is sometimes recognized.
Sericite zone
Rocks of this zone are pale greenish white, yellowish white or whitish gray and composed mainly of sericite and quartz with small amounts of pyrite and rutile. These rocks generally do not contain pyrophyllite, however, are referred to as "Roseki" by the local mining geologists.
K-feldspar-sericite zone
The Lower Formation is subjected to potassic alteration around the Roseki ore. Rocks of this zone are grayish white and composed mainly of K-feldpar, sericite and quartz with small amounts of pyrite and rutile. Feldspars and matrix are altered to K-feldspar with sericite and quartz. Volcanic glass or pumice is altered to greenish sericite. Pyrite nodules are often found. Aggregates of albite and K-feldspar conjectured to be precipitated at the later formation stage of this zone locally occur at small fault planes, where the amount of albite is larger than that of K-feldspar.
Albite zone
The Lower Formation has undergone extensive albitization around K-feldspar-sericite zone in the outside of the area shown in Fig. 3 . Rocks of this zone are pale green to pale greenish gray, and are composed mainly of albite, quartz, sericite and calcite with small amounts of K-feldspar, alkalifeldpar, plagioclase, chlorite, pyrite and trace rutile and zircon. Although the original textures are mostly preserved, plagioclase is replaced by albite with calcite and sericite. Calcite is also disseminated in matrix apart from feldspars. Most of volcanic glass or pumice are altered to greenish sericite.
Weakly propylitized zone
The Upper Formation including Alternation (C) is generally weakly propylitized. The original textures and minerals are almost preserved. Rocks of this zone are composed mainly of plagioclase, quartz, chlorite and calcite, containing small amounts of alkali-feldspar, albite, sericite, biotite, pyrite, epidote, sphene and trace zircon. Matrix is dark greenish gray in color due to its weak chloritization. Amphibole is altered to chlorite, sometimes with epidote or sphene. Most of biotite is chloritized with sphene. Plagioclase is accompanied commonly by calcite or sometimes by sericite. Zeolite minerals (stilbite, Na-stilbite, laumontite), which are commonly recognized as joint-fills with narrow width, are conjectured to be precipitated after the major stage of the hydrothermal alteration. 
Polytype of sericite
Two kinds of sericite polytype (2M 1 and 1M) are identified in a series of alteration zones. In Quartz zone the amount of 2M 1 sericite is greater than or nearly equal to that of 1M for the white sericite in Fuiri-toseki, however, less than or nearly equal to that of 1M for the vein-like shaped sericite. In Roseki ore the amount of 2M 1 sericite is not so different from that of 1M sericite. In other zones 1M sericite predominantly occurs.
It is generally accepted that 2M 1 mica is more stable than 1M mica at higher temperatures (Yoder and Eugstar, 1955) . Therefore, the occurrence of sericite polytypes seems to indicate the general decrease of temperature from Quartz zone toward outer zones during the hydrothermal alteration process.
CHEMICAL ENVIRONMENT OF HYDROTHERMAL ALTERATION

Chemical compositions of altered rocks
Thirty eight altered rock samples collected from the Mitsuishi district were analyzed to obtain bulk rock chemical compositions by means of an automatic X-ray fluorescence spectrometer (XRF), Rigaku IKF 3064 adopting the glass disk method (Matsumoto and Urabe, 1980) . Seventeen rocks of the thirty eight rocks were sampled from the Daiyama area (Fig. 3) . Analytical results are given in Appendix and Fig. 5 .
Temperature and salinity estimated by fluid inclusions
Euhedral quartz crystals often occur in the porous rocks of Quartz zone. The quartz crystals are 0.5 mm to 1 cm in length. Comparatively large crystals were examined under the microscope. They are highly transparent and contain many fluid inclusions with circulat, elliptical or rectangular shape. Most fluid inclusions are composed of vapor and liquid phases. The vapor phases are about 20-50% in volume percent.
Filling temperatures were measured for five quartz crystals which sampling sites are shown in Fig. 3 . The temperatures for each sample generally range from 300° to 350°C without a wide scatter (Fig. 6) . Salinities of the liquid phases estimated from the freezing temperatures for some of the inclusions range from 0.4 to 0.8 NaCl eq.wt.% (0.1 mol/l NaCl in average). Eugster et al. (1972) gave the excess free energy in cal/mol (G exl ) at T (K) and P bar from the solvus in the muscovite-paragonite system as follows: where X mus and X pag represent the mole fraction of muscovite and paragonite, respectively.
The white sericite in Fuiri-toseki which occurs in the outer rim of Quartz zone has the average compositions of X pag = 0.037 (Table 1) . Assuming that the temperature and pressure of hydrothermal solution were 350°C and 1 Kb, respectively, the a Na + / a K + of hydrothermal solution in equilibrium with the sericite can be estimated to be 25.9 by using Eq.
(1) and the thermochemical data in Table 2 . The V° and Cp° coefficients for each ion species shown in Table 2 , which are those at 250°C and 300°C, respectively, were used at any temperatures of the estimations. The vein-like shaped sericite is richer in Na than the white sericite ( Table 1 ), suggesting that the former sericite was precipitated at the higher activity ratio of Na + to K + than that of the latter one. The vein-like shaped sericite might be precipitated at the lower temperature alteration stage later than the formation of most of Quartz zone and Roseki ore. Orville (1963) experimentally determined the solvus in the albite-K-feldspar binary system at 500°, 600°, 650°, 700°C and 2 Kb. Thompson and Waldbaum (1968) obtained the excess free energy in cal/mol (G ex2 ) at T (K) and 2 Kb as follows, on the assumption that K·Na feldspar is the asymmetrical solid solution. where X or and X ab represent the mole fraction of K-feldspar and albite, respectively.
In K-feldspar-sericite zone feldspars typically have the composition of X or = 0.96-0.98 (average Helgeson et al. (1978) ; (d) by Robie and Waldbaum (1968) ; (e) by Helgeson (1969) ; (f) Partial molal volume (V°) at 250°C given by Ellis and McFadden (1972) ; (g) Cp° (isobaric heat capacity) coefficient at 300°C given by Helgeson (1969) . Table 3 . Assuming that the formation pressure was 1 Kb and G ex2 at 2 Kb = G ex2 at 1 Kb, the a Na + / a K + is estimated to be 3.5, 6.7, 15.4 and 44.4 at 350°, 300°, 250° and 200°C, respectively, by using Eq. (2) and the thermochemical data in Table 2 .
0.97) as shown in
DISCUSSION
Mobility of each component in the process of hydrothermal alteration
In view that the hydrothermal alteration was the weakest in intensity for Weakly propylitized zone among a series of alteration zones, the weakly propylitized rocks are assumed to be the original rocks in the following discussion.
Al 2 O 3 must have been depleted from the original rocks during the formation of Quartz zone. However, most of the depleted Al 2 O 3 would not be transported far from Quartz zone and fixed in the adjacent Pyrophyllite zone. On the other hand, in the alteration zones with the exception of Quartz zone and Pyrophyllite zone Al 2 O 3 tended to behave like an inert component, since Al 2 O 3 content is comparatively constant ranging from 11 to 16 wt.% except in Quartz and Pyrophyllite zones (Appendix, Fig. 5) .
If a certain component has the same ratio to Al 2 O 3 as that of the original rocks, it would be plotted on the line drawn on Fig. 7 for altered rocks. If a certain component plotted under the line, it is considered the component tended to be depleted from the original rocks to the hydrothermal solution. To the contrary, it is considered that the component plotted above the line had a tendency to be added from the solution.
These considerations lead to (1) SiO 2 tended to be added from the hydrothermal solution (Fig.  7A ). However, SiO 2 plotted under the line for three samples from Pyrophyllite and Pyrophyllitesericite zones might be due to the addition of Al 2 O 3 to them; (2) CaO, MgO, Fe 2 O 3 and TiO 2 tended to be depleted (Figs. 7B, C and F); (3) K 2 O tended to be depleted in Quartz, Pyrophyllite and Pyrophyllite-sericite zones, however, to be added in Sericite, K-feldspar-sericite and Albite zones (Fig. 7D) ; (4) Neither large depletion nor large addition of Na 2 O occurred in Albite zone. On the other hand, in K-feldspar-sericite zone, Roseki ore and Quartz zone Na 2 O was depleted to the solution (Fig. 7E) .
Mobility of each component is estimated more quantitatively on the basis of the following calculation. If the original rock (A (100 g)) was changed into the altered rock (B) by the addition of the component i (Xi) from hydrothermal solution and if Ai and Bi represent the wt.% of the component i in the rock (A) and that in the rock (B), respectively, on the assumptions that no H 2 O is contained in the rocks (A) and (B) and that X Al O 2 3 is zero, Xi values are calculated as shown in Fig. 8 from the following equation using the bulk rock average chemical compositions of each alteration zone (Appendix).
(Ai + Xi) × 100/(100 + ∑Xi) = Bi. 
Chemical process of hydrothermal alteration
Since the Upper Formation is not strongly altered, Alternation (C) might have acted as a cap rock for the infiltration of the hydrothermal solution. The formation of alteration zoning below Alternation (C) could be understood by the conceptual model, as illustrated in Fig. 9 , which is under the assumptions that the infiltration of hydrothermal solution through the column of the original rocks was one-directional and that repetition of the infiltration did not occur.
Solution I is defined as the hydrothermal solution initially ascending through the column. Since Solution I could dissolve Al 2 O 3 from the original rocks and precipitate much quartz, it is considered that Solution I was strongly acid and oversaturated with respect to SiO 2 , and Fe, Ca, Mg, Al, Na, K and Ti were mostly dissolved from biotite, amphibole, alkali-feldspar, plagioclase and volcanic glass or pumice. As a result of the dissolution reactions, the concentration of these components in the solution increased, and the solution became less acid than Solution I. Solution I would be about 300-350°C in temperature, which is estimated from the fluid inclusion study. The occurrence of sericite polytypes suggests that temperature of the solution tended to decrease as the solution infiltrated through the columm. The decrease in temperature resulted in the decrease in SiO 2 solubility, accompanying the continuous precipitation of quartz in the column.
Solution II, which is defined as the solution after the formation of Quartz zone, was able to alter the original rocks into Roseki ore. The original rocks were altered into K-feldspar-sericite zone by Solution III defined as the solution after the formation of Roseki ore, and into Albite zone by Solution IV defined as the solution after the formation of K-feldspar-sericite zone. These reactions caused a general increase in the concentrations of Mg, Ca, Fe and Ti in the hydrothermal solution. Solution V defined as the solution after the formation of Albite zone may become to be finally in equilibrium with the original rocks, although the weakly propylitized rocks which are assumed to be the original rocks in this discussion are limited to the Upper Formation in the study area.
By the above-process, potassium dissolved to the solutions during the formation processes of Quartz zone and most zones of Roseki ore would be partly fixed as sericite or K-feldspar in Sericite zone or K-feldspar-sericite zone, which caused a general increase in the ratio of Na to K in the solution. Aluminum dissolved from the original rocks during the formation of Quartz zone was mostly fixed as diaspore or pyrophyllite in the adjacent Pyrophyllite zone.
Chemical composition of hydrothermal solution responsible for the formation of Roseki ore and K-feldspar-sericite zone
We try to estimate the chemical composition of Solutions II and III from the stability relation between pure solid phases for the system Na 2 O-K 2 O-Al 2 O 3 -SiO 2 -H 2 O-HCl (Fig. 10) and thermochemical consideration mentioned in the previous section, assuming that the total pressure was 1 Kb and the activity of aqueous species, a, is equal to the molarity, m.
Since the mineral assemblage in Roseki ore is represented as pyrophyllite, sericite and quartz, if Solution II was 350°C in temperature, a K + / a H + of the solution is estimated to be 10 2.10 from Fig.  10 . As mentioned in the previous section, if Solution II was in equilibrium with K-Na mica solid solution having X pag = 0.037 (Table 1) , a Na + / a K + could be calculated to be 25.9 for the sericite in Fuiri-toseki at 350°C. Then, a Na + / a H + could be calculated to be 10 3.51 . The point indicating Solution II corresponds to be near the boundary between pyrophyllite and muscovite in Fig. 10 . Na + and K + are dominant species among cations at higher temperatures in usual geothermal waters (Ellis, 1970) as well as fluid inclusions (Roedder, 1979) . If Solution II had the same salinity as fluid inclusions in Quartz zone being free 
from
Ca, Mg, Fe and Ti: its m Na + + m K + could be estimated as 0.10 from the salinity data. Consequently, it can be estimated that the solution responsible for the formation of Roseki ore had the composition of m K + = 0.004, m Na + = 0.096 and pH = 4.5. In our conceptual model composition of Solution III was controlled only by the reaction between the original rocks and Solution II. If Roseki ore is represented by the rocks of Sericite zone in chemical compositions and if the original rocks (100 g) was altered into Sericite zone by Solution II (Y liters), it is considered on the basis of the mobility calculation (Fig. 8) which corresponds to be near the boundary between K-feldpar and muscovite in Fig. 10 The estimated chemical compositions of Solutions II and III are summarized in Table 4 , where the concentration of aqueous silica is estimated from the quartz solubility data by Hemley et al. (1980) . The chemical compositions of Solutions If the volume (V) and average density (ρ) of the original rocks which were altered to Roseki ore are known, the total volume (Y total ) of Solution II can be estimated from the equation: Y total = Y(Vρ)/100. V may be inferred from the total rock volume (V ore ) of Roseki ore. However, the density data are not available, and V ore is unknown because of uncertainty of three dimensional distribution of the ore.
CONCLUSIONS
Important conclusions of this study are summarized as follows:
(1) The Mitsuishi district is characterized by the alteration zoning from center to margin; Quartz zone → Roseki ore (Pyrophyllite, Pyrophyllitesericite and Sericite zones) → K-feldspar-sericite zone → Albite zone. They are overlain by Weakly propylitized zone.
(2) XRF analysis of the altered rocks indicates that (i) SiO 2 was added in most of alteration zones; (ii) Al 2 O 3 tended to behave like an inert component in the alteration zones except Quartz and Pyrophyllite zones; (iii) CaO, MgO, Fe 2 O 3 and TiO 2 were depleted from the original rocks; (iv) K 2 O was added in Sericite, K-feldspar-sericite and Albite zones, however, depleted in Quartz, Pyrophyllite and Pyrophyllite-sericite zones; (v) Neither large depletion nor large addition of Na 2 O occurred in Albite zone, while in K-feldspar-sericite zone, Roseki ore, and Quartz zone Na 2 O was depleted to the solution.
(3) Thermochemical consideration, fluid inclusion study, chemical compositions of altered rocks and minerals (sericite, feldspars), and mobility calculation indicate (i) Solution I, which is defined as the hydrothermal solution initially ascending through the column of the original rocks, was strongly acid, 300-350°C in temperature, and oversaturated with SiO 2 ; (ii) As the solution infiltrated through the column, pH increased from 4.5 in Solution II defined as the solution after the formation of Quartz zone to 6.9 in Solution III defined as the solution after the formation of Roseki ore; (iii) Na remained relatively constant; (4) K and SiO 2 decreased from 0.016 to 0.010 wt.% and from 0.132 to 0.032 wt.% in Solution II and Solution III, respectively.
Further study ought to include statistical approach for the chemical analysis data and more recent reliable thermochemical data to improve our estimation of the chemical compositions of the hydrothermal solution. This would be discussed in a separate paper.
